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Abstract

Introduction: The remarkable stability of the 89Zr-DOTA complex has been shown in recent
literature. The formation of this complex appears to require 89Zr-chloride as the complexation
precursor rather than the more conventional 89Zr-oxalate. In this work we present a method for the
direct isolation of 89Zr-chloride from irradiated MY foils.

Methods: 89Zr, 87y, and 88Y were prepared by 16 MeV proton irradiation of Y foils and used
for batch-extraction based equilibrium coefficient measurements for TBP and UTEVA resin.
Radionuclidically pure 89Zr was prepared by 14 MeV proton-irradiation of " foils. These foils
were dissolved in concentrated HCI, trapped on columns of TBP or UTEVA resin, and 89Zr-
chloride was eluted in <1 mL of 0.1 M HCI. For purposes of comparison, conventionally-isolated
897r-oxalate was converted to 89Zr-chloride by trapping, rinsing, and elution from a QMA
cartridge into 1 M HCI. Trace metal analysis was performed on the resulting 89Zr products.

Results: Equilibrium coefficients for Y and Zr were similar between UTEVA and TBP resins
across all HCI concentrations. Ky values of less than 10~ mL/g were observed for Y across all
HCI concentrations. K values of greater than 103 mL/g were observed at HCI concentrations
greater than 9 M for Zr, falling to Ky values of less than 10° mL/g at low HCI concentrations.
897r-chloride was recovered from small columns of TBP in <1 mL of 0.1 M HCI with an overall
recovery efficiency of 89+3% (n=3). An average Y/Zr separation factor of 1.5 x 10° (n=3) was
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obtained. Trace metal impurities, notably Fe, were higher in TBP-isolated 89Zr-chloride compared
with 89Zr-chloride prepared using the conventional two-step procedure.

Conclusion: TBP-functionalized resin appears promising for the direct isolation of 89Zr-chloride
from irradiated MY targets. Excellent 89Zr recovery efficiencies were obtained, and chemical
purity was sufficient for proof-of-concept chelation studies.
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immunoPET; positron emission tomography; zirconium-89; zr89

INTRODUCTION:

The use of 89Zr (ty/,: 3.27 d, B*: 22.7%) in nuclear medicine has grown considerably in
recent years, with more than 50 recruiting, active, or completed clinical trials in the United
States. This adoption is due largely to developments in the field of immune-modulation
therapy for a wide variety of solid and distributed cancers. The biological molecules and
cells associated with immunotherapy typically exhibit slow tissue localization kinetics, with
a blood-clearance half-life on the order of several days [1]. Positron emission tomography
(PET) radiotracers are best designed when the pharmacokinetics of the compound are well-
suited to the physical half-life of the radiolabel. The physical half-life of 89Zr is therefore
appropriate for the imaging of monoclonal antibodies several days post-injection. Another
favorable aspect of 89Zr is that it may be produced in large quantities on a low energy
medical cyclotron by proton irradiation of naturally monoisotopic yttrium metal. Recent
work has shown that more than 40 patient doses worth of radioactivity (~185 MBq /5 mCi
per administration) may be produced in a four hour irradiation [2]. This availability
combined with a half-life conducive to international transport has led to 89Zr being the most
commonly used radioisotope in immune system-related nuclear medicine studies.

Isolation of 89Zr from proton irradiated MY targets has conventionally been achieved
through trapping from a hydrogen chloride solution onto hydroxamate-functionalized resins,
followed by elution with oxalic acid [3-5]. This method has proven robust for radiochemical
isolation and may result in apparent molar activities - as measured by titration with
desferoxamine (DFO) - of greater than 37 GBg/umol (1 Ci/umol) regularly [2].
Unfortunately, significant instability is observed with 89Zr-DFO-based bioconjugates /7 vivo
[6-8]. 89Zr dissociation on the order of 5 — 10% at 48 hours postinjection is commonly
observed in a murine model with the unbound 89Zr accumulating in radiosensitive bone.
This chelation instability may significantly impact the usefulness of some radiotracers,
particularly where quantitation is used to monitor the progression of disease or in the case of
external-beam radiotherapy target delineation. Off-target bone uptake may also decrease the
diagnostic utility of tracers that could otherwise reveal lesions proximal to bone, such as
metastatic prostate cancer.

Significant efforts have been made to produce new chelators or derivatives of DFO that offer
improved Jn vivo89Zr complexation stability [9-19]. Recent work has also shown
remarkable stability of the 89Zr-DOTA complex [8]. Unfortunately, formation of the 89Zr-
DOTA complex appears to require 89Zr to be in the form of 89Zr-chloride rather than 89Zr-
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oxalate prior to chelation. The 89Zr-oxalate resulting from the conventional hydroxamate-
based separation may be reconstituted as 89Zr-chloride by trapping on an activated
quaternary methyl ammonium (QMA) anion exchange cartridge, followed by rinsing,
followed by elution in ~500 pL of 1 M HCI [3, 20, 21]. Although this method appears
effective for reconstitution as 89Zr-chloride, a direct chloride-based 89Zr/Maty separation
strategy would be preferred; such a separation would offer the complete absence of the
oxalate anion (<0.2% residual oxalate measured in QMA-prepared 89Zr-chloride by Holland
et al. [3]) and might offer simplified radiochemistry automation and improved overall 89zr
recovery.

The purpose of this work was to devise a column-based Y/Zr radiochemical separation
method with elution in a small volume of weak HCI. Based on a favorable difference in the
equilibrium coefficients for Zr and Y in mixtures of tributyl phosphate (TBP) and HCI [22],
an experiment was designed to measure the HCI-based equilibrium coefficients of Zr and Y
for the solid-phase extraction resin UTEVA (Eichrom Technologies LLC) and for a TBP-
impregnated solid-phase resin (Triskem International). Following the measurement of these
equilibrium coefficients, an HCI-based Zr/Y separation strategy was proposed and tested. As
the resulting chemical purity is essential to the usefulness of such a technique, this new 89Zr-
chloride product was compared against conventionally isolated 89Zr-oxalate and 89Zr-
chloride via trace metal analysis. Chelation experiments were also performed to demonstrate
the reactivity of the 89Zr-chloride resulting from TBP-based isolation.

MATERIALS AND METHODS:

General experimental details

Any reference to “89Zr-chloride” refers to the equilibrium mixture of free 89Zr cations,
chloride-speciations, and aquated forms of 89Zr. “89Zr-chloride” isolated from oxalate-based
solutions using a QMA cartridge does contain residual oxalate anion. In this case, although
we refer to this product as “89Zr-chloride,” it is likely that the majority of 89Zr remains
coordinated with oxalate anions. The choice to refer to this product as “89Zr-chloride” stems
from the fact that this product does indeed show chelation by DOTA, while chelation from
the original oxalate solution does not appear tractable.

Unless otherwise stated, all chemicals were obtained from Sigma Aldrich. UTEVA resin was
purchased from Eichrom Technologies LLC (Lisle, IL 60532, USA). The TBP-impregnated
resin (herein referred to as “TBP resin’) was provided at no cost by Triskem International
(Bruz, France) for evaluation purposes. Hydrochloric acid (ag. HCI 35-38%; Optima Grade,
Fisher Scientific) was titrated and found to have a concentration of 10.96 + 0.11 M. Any
reference herein to “concentrated HCI” refers to this solution. All other concentrations of
HCI used were prepared from this batch by dilution with >18 MQ/cm H-0. 89Zr sample
activities in excess of 1 MBq were quantified by dose calibrator (Capintec CRC-15r) assay
using calibration number 489. All other sample activities were quantified by efficiency-
calibrated high-purity germanium gamma spectrometry.

Column masses are specified as dry resin, weighed by mass-balance. Columns were
prepared by placing a 20 um porosity frit at the bottom of a 1 mL column (polypropylene,
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5.6 mm ID). Resin was added, and a 20 um top-frit was placed above the resin. Columns
were rinsed with >10 column volumes of 0.1 M HCI and concentrated HCI prior to
equilibration for all experiments.

Apparent molar activity (formerly effective specific activity) is defined as the activity of a
sample divided by twice the quantity of chelate required to obtain 50% binding.

Unless otherwise specified, all values (x = o) represent mean + standard deviation.

Gamma Spectroscopy

A high-purity germanium (HPGe, Canberra C1519) gamma detector was calibrated for
efficiency and energy response using point sources of 80Co, 137Cs, 133Bg, and 241Am
obtained from the National Institute of Standards and Technology (NIST) and an in-house
quantified point-source of 152Eu. Gamma spectrum peak areas were determined using the
SAMPO algorithm [23] within the FitzPeaks software platform. Second-order Bateman
calculations were used for decay correction of the 88Y/88Zr pair during experimentation.

Preparation of Radioactivity

For equilibrium coefficient experiments, a "y foil (99.5%, 400 mg, Alfa Aesar) was
irradiated by 16 MeV with a beam current of 10 pA for one hour. The resulting foil was
allowed to decay for two weeks. Following this period of decay, the abundances of 88Y (tyo:
106.6 d), 88Zr (t1/2: 83.4 d), and 89Zr were quantified by efficiency-calibrated high-purity
germanium (HPGe) gamma spectroscopy. This foil was dissolved in 3 mL of concentrated
HCI, added drop-wise at room temperature in open atmosphere.

For radiochemical isolation experiments, a "aY target (99.5%, 400 mg, Alfa Aesar) was
prepared as previously described by resistive spot-welding onto a tantalum target backing
[2]. These targets were irradiated by 50 PA of beam current, degraded to an average energy
14 MeV by a 0.125 mm Mo foil to limit the production of 88Y/88Zr, These targets were
dissolved from the tantalum backing by 10 mL of concentrated HCI, added drop-wise at
room temperature in open atmosphere.

Equilibrium Coefficient Measurements

Aliquots of radioactivity (40 uL, ~370 kBg/10 uCi 89Zr, ~37 kBg/1 pCi 88Y) were added to
1.5 mL centrifuge vials containing 1000 yL of HCI (0 M, 1 M, 3 M, 5 M, 7 M, 9 M, or 10.96
M) and approximately 110 mg of dry resin (UTEVA or TBP; measured by mass balance
difference and recorded for each sample). Uncertainty in acid concentration was determined
from uncertainty in the pipetted volume of radioactivity added in quadrature with
uncertainty in the stock HCI concentration. A final HCI concentration for each sample
following the addition of radioactivity was calculated based on residual acidity in the
dissolved target solution. Residual acidity was calculated by assuming that four protons
were consumed per atom of dissolved Zr. Samples were placed on a multi-vial vortexer
(Fisher Scientific) at room temperature for 24 hours at maximum speed. The mixture from
each sample was then passed over a small fritted-column by pipette transfer in order to
isolate the majority of the liquid phase in a new vial. The mass of this collected liquid phase
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was determined by subtractive weighing. Columns containing filtered resin were placed
within their respective original centrifuge vial for further spectroscopic analysis. The solid
and liquid phases of each sample were analyzed by HPGe gamma spectroscopy to determine
the distribution of 88Y, 8Zr, and 89Zr between phases.

Equilibrium coefficients were calculated as the amount of radioactivity bound to the resin
per mass of dry resin, divided by the amount of radioactivity in solution per mass of
solution. A linear relationship between the density and molarity of HCI was assumed, with
10.96 M HCI having density 1.172 g/mL and water having a density of 1.000 g/mL.
Uncertainty in measured equilibrium coefficients included uncertainty in radioactivity
quantification, uncertainty in decay corrections, and uncertainty in the fraction of isolated
liquid phase - added in quadrature. As the 8Zr and 89Zr elemental tracers provide
complimentary information, the equilibrium coefficients for Zr presented herein represent
the average of these data.

Binding Kinetics Evaluation

To determine the rate at which equilibrium is approached during mixing, samples were
created containing 1000 pL of concentrated HCI and approximately 110 mg of dry resin
(UTEVA or TBP; measured for each sample by mass balance difference). To these samples,
40 uL of radioactivity was added, as with equilibrium coefficient measurements. Samples
were placed on a multi-vial vortexer, and one sample for each resin type was removed at
serial time-points (10 s, 60 s, 1 min, 5 min, 30 min, and 3 h). Immediately after removing a
sample from the vortex apparatus, the mixture was passed over a small fritted-column by
pipette transfer in order to isolate the majority of the liquid phase in a new vial. 600 L of
this liquid phase was isolated for analysis by HPGe gamma spectroscopy. The fraction of
88y, 887y, and 89Zr contained within the liquid fraction was determined by dividing the
measured radioactivity by the fraction of liquid volume used for counting. The residual
amount of radioactivity on the resin at the point of vortex cessation was calculated as the
residual, relative the activity in the liquid phase. As with equilibrium coefficient
measurements, the results from 88Zr and 89Zr were averaged for kinetics determination.

Column Chromatography Method Development

To determine optimal separation conditions, a series of experiments were performed. First,
column loading speed was evaluated by passing ~1.9 MBq (50 puCi) of 89Zr and ~70 mg naty
in 5 mL of 9.6 M HCI over 100 mg columns of TBP and UTEVA resins at 1 mL/min and 5
mL/min. Columns were subsequently rinsed with 5 mL of 9.6 M HCl and 89Zr trapping
efficiency was measured by dose calibrator survey of the column and pass-through. Next,
four columns were prepared - two containing 100 mg of UTEVA resin and two containing
100 mg of TBP resin. Approximately 1.9 MBq (50 uCi) of 89Zr was trapped onto each
column from a solution of 9.6 M HCI. Elution of radioactivity from columns was performed
using 1 mL of 0.1 M HCl or 1 mL of 3 M HCI for each resin type. Elution efficiency was
quantified by dose calibrator survey of the eluent from each column. Finally, elution profiles
were measured from columns containing 100 mg UTEVA resin or TBP resin that had been
loaded with ~3.8 MBq (100 pCi) of 89Zr in 9.6 M HCI and rinsed with 5 mL of 9.6 M HCI.
Elution was performed with ~2 mL of 0.1 M HCI, collecting eluent in a series of 1.5 mL
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microcentrifuge tubes. The mass of eluent collected in each vial was determined by
subtractive weighing, and the radioactivity in each vial was measured by dose calibrator
survey.

ZrlY Radiochemical Separation

Due to the superior elution properties observed herein, TBP resin was selected for full-scale
ZrlY separation experiments. A column containing TBP resin (220 mg, 5.6 mm inner
diameter) was prepared by rinsing with 10 mL of 0.1 M HCI, followed by rinsing with 10
mL of 3 M HCI, followed by equilibration with 10 mL of 9.6 M HCI. A 10 mL dissolved
target solution containing 89Zr and ~400 mg "tY in ~9.6 M HCI was loaded onto this
column at approximately 2 mL/min. The column was then rinsed with 20 mL of 9.6 M HCI
and eluted with 1 mL of 0.1 M HCI flowing at 0.5 mL/min. This separation procedure was
conducted three times to evaluate method robustness.

For comparative purposes, 89Zr-oxalate was produced by conventional means (n = 3) [2, 3].
Briefly, commercially available hydroxamate-functionalized extraction chromatography
resin (Zr resin, TRISKEM, 500-100 pm) was equilibrated with 10 mL of water and 10 mL
of 2 M HCI. The "Y foil was dissolved in 5 mL of 6 M HCI, diluted with the addition of 10
mL water and loaded onto the equilibrated Zr resin column (100 mg, 5.6 mm inner
diameter). This column was subsequently rinsed with 10 mL of 2 M HCI and 10 mL of H,0,
and 89Zr-oxalate was eluted in approximately 500 pL of 1 M oxalic acid. An aliquot of this
897r-oxalate for each production was converted to 89Zr-chloride by previously published
methods [3, 20, 21]. Briefly a Sep-Pak Accell Light QMA cartridge (Waters Corp.) was
prepared by rinsing with 6 mL of MeCN and 20 mL of H,0. 89Zr in 1 M oxalic acid was
quantitatively loaded onto this QMA cartridge. The cartridge was rinsed by >40 mL of H,O
to remove residual oxalate anion, and the activity was eluted in 1 mL of 1 M HCI with
greater than 90% efficiency.

Trace metal analysis

Residual "3ty in the isolated 83Zr-chloride and 89Zr-oxalate products was quantified by
microwave plasma atomic emission spectrometry (MP-AES, Agilent 4200). Separation
factors were calculated for each of the production runs based on residual "3 and recovery
efficiency of 89Zr. In addition to "3, trace quantities of Zr, Ni, Fe, Mo, Cr, Mn, Zn, Co, and
Cu were also measured by MP-AES to evaluate residual target impurities in the separated
897y products. For purposes of comparison between production methods, trace metal
burdens were normalized to values that would be expected from a full-target production run.

DOTA andDFO Chelation of 89zr

897r-chloride apparent molar activity was measured by DOTA titration as follows: vials were
prepared containing increasing quantities of DOTA (100 uL of 0, 1, 3, 10, 30, 100, 300
pg/mL in H»0). To each of these vials, 0.5 M HEPES buffer (100 pL, pH 7.5) and NaOH
were added (50 pL, 0.1 M or 1.0 M). 89Zr-chloride (50 pL, 0.1 M or 1.0 M HCI) was added
to each vial for a total volume of 300 puL and a final pH of ~7.0. Solutions were allowed to
react at 90 °C for 45 minutes. Thin layer chromatographs were run (Al-backed silica gel 50
F2s4, MillieporeSigma Inc., 1:1 MeOH : 10% NH4OAc w/v mobile phase) to separate
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bound and unbound 89Zr. Under this chromatography system, unbound 89Zr remains at the
origin with a retention factor of zero (R¢=0), while 89Zr-DOTA travels with the mobile-phase
(R¢~0.3). Activity distribution on the TLC plate was measured by autoradiography (Cyclone,
Perkin Elmer Inc.).

897r-oxalate effective molar activity by DFO chelation was measured as follows: 89Zr-
oxalate (60 pL, 1 M oxalic acid) was added to HEPES buffer (1.2 mL, 0.25 M, pH 10)
yielding a final solution of pH 8. Vials were prepared containing increasing quantities of
DFO (100 pL of 0, 0.1, 0.3, 1, 3, 10, 30 pg/mL in H,0), and to each of these vials 100 pL of
buffered activity was added. Solutions were allowed to react at room temperature for one
hour. Following this reaction time, an excess of DTPA (400 pL, 0.05 M) was added to
conjugate residual free 89Zr. Thin layer chromatographs were run (Al-backed silica gel 50
Fa54, MillieporeSigma Inc., 0.05 M DTPA mobile phase) in order to separate 89Zr-DFO and
897r- DTPA. Under this chromatography system, 89Zr-DFO remains at the origin (R¢=0),
while 89Zr-DTPA travels with the mobile phase (R¢=0.7). Activity distribution on the TLC
plate was measured by autoradiography (Cyclone, Perkin Elmer Inc.).

Equilibrium coefficients

In HCI concentrations greater than 5 M both the UTEVA and TBP resins floated at the top of
each sample vial, even with repeated centrifuging. This prevented the assay from being
conducted by pelleting the resin material and drawing aliquots from the samples’
supernatant. Isolating the liquid phase by filtration was effective, but introduced the
possibility of radioisotope sorption onto the column frit. To test this possibility, a sample of
88y, 87y, and 89Zr in concentrated HCI was passed over a small column, without the
presence of resin. No loss in radioactivity was observed through this process, suggesting that
the filtration method was appropriate. The resins’ buoyancy suggests the use of a ‘top-frit” in
column- based experiments.

A complete set of measured equilibrium coefficients for Y and Zr on the UTEVA and TBP-
impregnated resins are listed in Supplementary Table 1. These measured equilibrium
coefficients are plotted as a function of HCI concentration and resin type in Figure 1,
alongside literature values for TBP solvent-solvent extraction equilibrium coefficients for Zr
[22]. The equilibrium coefficients measured herein generally agree with expected TBP-
solvent values, except at low HCI concentrations where both UTEVA and TBP resins
retained more Zr. A maximum equilibrium coefficient of ~5x103 mL/g observed at HCI
concentrations of 9 M or higher for both resins. This suggests that either resin is appropriate
for trapping 89Zr+ at these acid concentrations, and that the radioactivity may be readily
eluted with HCI concentrations below 6 M. 88Y was not retained strongly by either resin at
any HCI concentration, having measured equilibrium coefficients less than 1x10~1 mL/g at
all acid concentrations.
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Binding Kinetics
897r sorption onto TBP and UTEVA resin as a function of time from solutions of 10.96
+0.11 M HCl is shown in Figure 2A. Significantly faster kinetics are observed with the TBP
resin compared with the UTEVA resin despite comparable equilibrium coefficients at these
acid concentrations. TBP sorption of 89Zr exceeded 95% within 30 seconds, while UTEVA
resin took approximately 5 minutes to reach this point.

Column Chromatography Method Development

A high degree of 89Zr retention (>85%) was observed for both UTEVA and TBP columns
(=100 mg) when loading with low burdens of MY (<100 mg). Trapping efficiencies were
somewhat sensitive to loading flow rate, as shown in Figure 2B. Trapping on UTEVA saw a
greater trapping efficiency improvement (~3.5%) when loading 1 mL/min rather than 5 mL/
min, compared with TBP resin which saw only a ~2% efficiency gain. This is consistent
with results from binding kinetics measurements for the TBP and UTEVA resins, although
the difference is marginal in practice.

Elution of 89Zr from both UTEVA and TBP was rapid and complete when using 3 M HCI,
however eluting in 0.1 M HCI resulted in incomplete elution from UTEVA resin. The ~29%
residual activity on UTEVA columns after initial 0.1 M HCI washes could be readily
removed by increasing the HCI concentration to 3 M. This behavior is in disagreement with
the equilibrium coefficients for Zr on UTEVA measured herein, assuming Zr/lUTEVA
behaves similarly in 0.1 M and 0.26 M HCI. An elution profile of 89Zr-chloride from 100 mg
columns of UTEVA and TBP using 0.1 M HCI is shown in Figure 3. Although UTEVA
retained a significant fraction of 89Zr, the two columns had very similar elution profiles, with
the majority of activity being eluted in the first 500 uL of 0.1 M HCI.

TBP-basedRadiochemical Separation Results

An average 89Zr-chloride recovery efficiency of 89 + 3% (n = 3) was obtained with the TBP-
based separation method described herein. Approximately one third of unrecovered activity
was lost at each separation step: loading, rinsing, and elution. Eluent was typically pale
yellow in color, however trace metal analysis revealed an average residual "3y mass of 4.3
+ 4.5 ug (n = 3). These measurements, combined with the fact that YCls is colorless in
solution, seems to suggest that the pale yellow color was due to formation of dissolved Cl,
gas rather than trace metal impurities. It is also possible that the color was due to the
presence of trace divalent iron. Concurrent with loading of the target solution, the resin
turned a pale grey color, and the top and bottom column frits turned a dark gray color. This
color remained unchanged during rinsing and elution. An average separation factor of (1.5
+1.0) x10° (n = 3) was measured, which corresponds to physical molar activities of 18 —104
GBg/umol (0.5 — 2.8 Ci/umol) Y for a typical 1.85 GBq (50 mCi) production. Separation
details from individual 89Zr production runs are listed in Table 1.

The quantity of residual ™Y in the eluted product was found to depend strongly on the

volume of 9.6 M rinse following 89Zr trapping. Three production runs were performed with
only a5 mL 9.6 M HCI rinse prior to elution. In these experiments, an average residual "ty
mass of 35 + 16 pg (n = 3) was observed, significantly higher than the mass reported above
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following a 20 mL rinse. It is possible that residual "y could be further reduced by
additional rinsing, but at the cost of reduced 89Zr recovery.

Trace Metal Analysis Comparison

Quantities of trace metal impurities in the TBP-based isolated 89Zr-chloride are shown in
Figure 4 and tabulated in Supplementary Table 2. Although increased rinsing was shown to
significantly reduce Y mass in the final product, the mass of Fe was found to be unaffected
by changes in rinsing, with 32.7 £ 3.4 ug observed for separations employing 5 mL rinse
steps (n = 3) and 38.8 = 3.4 ug in separations employing 20 mL rinse steps (n = 3). The
abundance of Mo as a trace metal impurity is ostensibly due to sputtering from the Mo
degrader foil used approximately 2.5 mm above the Y target surface during irradiation,
although it is also possible that Mo impurities exist within the target material.

DOTA and DFO Chelation of 89zr

Example chromatographs of 89Zr-DFO and 89Zr-DOTA chelation are shown in Figure 5.
897r-DOTA formation was successfully observed under the following conditions:
temperatures greater than 60 °C; pH 5.0-7.5; and DOTA concentrations greater than 4
ug/mL. Chelation was found to be most efficient (>90% yield) at pH 7.0, temperatures above
90 °C, and DOTA concentrations greater than 40 ug/mL. Hydrolysis was a significant effect,
as evidenced by drastic differences in the measured apparent molar activity between the two
preparations of 89Zr-chloride. Specifically, the average apparent molar activity for TBP-
separated 89Zr-chloride was measured to be 85 + 48 MBg/umol (2.3 + 1.1 mCi/umol, n = 3)
while QMA-reconstituted 89Zr-chloride had a measured effective molar activity of 518 + 56
MBg/UREmol (14.0 = 1.5 mCi/umol, n = 3). It is not clear whether this discrepancy in
DOTA apparent molar activity is as a result of differences in the method of 89Zr-chloride
activity preparation (TBP-isolated vs QMA-reconstituted), labeling ionic strength (0.017 M
vs 0.17 M, respectively), or labeling radioactivity concentration (~2.5 MBg/mL vs ~12.2
MBq/mL, respectively). 89Zr-oxalate apparent molar activity - as measured by DFO
chelation - was found to be significantly higher with a measured average of 75 + 8 GBg/
umol (2030 £ 230 mCi/umol, n = 3). This average is consistent with the historic average of
59 + 48 GBg/pmol (1600 + 1300 mCi/umol, n = 124) at the University of Wisconsin [2].

DISCUSSION:

The stable chelation of 89Zr is an area of significant focus in preclinical nuclear medicine,
with several institutions working to offer tractable solutions [9-14, 16, 18, 19]. One
approach appears to be conjugation of 89Zr from its chloride salt by the widely-used DOTA
chelator. In a chelation challenge study, Pandya et al. found that 89Zr-DOTA remains 100%
stable after incubation for 7 days at 37 °C, pH 7.0 with a 1000-fold excess competing
EDTA, while 89Zr-DFO fell to 20.3% stability under identical conditions [8]. The
remarkable stability of the 89Zr-DOTA complex and efficient formation thereof recently
described by Pandya et al. has led our group to investigate alternate production pathways for
897r-chloride that do not include use of the oxalate anion.
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Solutions of tributyl phosphate (TBP) in kerosene are commonly used for extraction of
uranium, thorium, and plutonium from spent nuclear fuel rods which have been dissolved in
nitric acid. This application has likely been a major motivation in the development of solid-
phase TBP-like extraction resins [24-26]. These developments have presented an
opportunity in radiopharmaceutical applications for innovative separation strategies, as
evidenced by the recent growth in radiochemistry literature employing solid-phase extraction
resins [27—29]. Two such resins include the TBP-impregnated resin and the Uranium and
Tetravalent Actinides extraction resin (UTEVA, Eichrom Technologies LLC) dipentyl
pentylphosphonate- (DAAP-) functionalized extraction resin. The structures for these
extractants are shown in Figure 6. Published TBP equilibrium coefficients for Zr and Y
indicate strong sorption of Zr from HCI-based solutions with little affinity for Y [22]. Due to
the similar molecular structure of DAAP and TBP, we hypothesized that UTEVA resin could
also be used to isolate Zr from Y, in spite of there being no published data to this effect.

An additional drawback of the 89Zr-DOTA chelation reaction is the high reaction
temperature; Pandya et al. described chelation at 95 °C, and this temperature was
qualitatively found to be appropriate within our own work. Chelation at lower temperatures
appears to drastically reduce DOTA complexation kinetics, allowing for substantial relative
increases in hydrolysis. Most large biological molecules, such as monoclonal antibodies, are
incapable of tolerating such elevated temperatures. The use of the 89Zr-DOTA complex in
nuclear medicine will likely depend on pre-chelation followed by bioconjugation, such as
the methods used by Bansal et al. [31] or Zeglis et al. [32].

CONCLUSION:

The use of a TBP-functionalized resin for the direct isolation of 89Zr-chloride from
irradiated "3ty targets appears promising. Excellent 89Zr recovery efficiencies were
obtained, and chemical purity was sufficiently high for proof-of- concept chelation studies.
This work may enable further developments in the pursuit of high-stability 89Zr-containing
compounds. Further work is needed to address hydrolysis and the requisite elevated
temperatures during 89Zr-DOTA complexation in the context of bioconjugate applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Equilibrium coefficients for Zr (A) and Y (B) on TBP and UTEVA resin. Experiments were
conducted with 1 mL of solution and ~110 mg of resin in each vial, agitated by a multi-tube
vortexer for 24 hours prior to activity assay. Radioactivity concentration in the supernatant
was subsequently quantified by filtering solids from an aliquot of the sample, followed by
efficiency-calibrated HPGe gamma spectrometry.
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Figure 2.
(A) Reaction kinetics for binding of 89Zr to TBP and UTEVA resins. TBP resin shows

significantly faster binding kinetics compared with the UTEVA resin, with the percent

activity remaining in solution dropping to less than 5% at <30 sec and 5 min respectively.
(B) Column trapping as a function of flow-rate for TBP resin and UTEVA resin. Trend lines

are eye-guides only.
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Figure 3.
Elution profiles of 89Zr from 100 mg of TBP and UTEVA resin in 0.1 M HCI. The right bar-

plot shows residual activity on each column, with the UTEVA column containing
significantly more activity. This residual activity did not appear to behave
chromatographically with further elution attempts with 0.1 M HCI, but the activity was
readily removed from the column with 3 M HCI. Trend lines are eye-guides only.
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Figure 4.
Total trace metal impurities in 89Zr products, as measured by MP-AES. Values represent

mean + standard deviation, corrected for the fraction of the total production activity tested.
TBP resin-based isolations of 89Zr-chloride (n = 3) and hydroxamate resin-based isolations
of 89Zr-oxalate (n = 3) were performed from full "3t target masses. Samples converted
from 89Zr-chloride to 89Zr-oxalate (n = 3) were obtained from an aliquot of a full production
run. *Testing for Mo, Cr, and Cu was not available for 89Zr-oxalate products.
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Example radio-thin-layer chromatograph showing the separation of 89Zr-DFO (A) and 89Zr-

DOTA (B) from unbound 89Zr. Masses for each channel represent the mass of DFO or

DOTA used for chelation per sample. For the separation of DFO-bound and unbound 89Zr,
DTPA was used to complex residual unbound 89zr.
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Figure 6.

Molecular structures of the dipentyl pentylphosphonate (DAAP) and tributyl phosphate
(TBP) extractants.
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Table 1.

Separation results for three TBP-based productions of 89Zr-chloride. Residual "3y mass was measured by

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

microwave plasma atomic emission spectrometry (MP-AES).

Production | 89Zr Recovery | Initial ™Y mass | Residual "ty mass | Separation Factor
1 90.4 % 395 mg 95+1.0pug (3.8 £ 0.4) x10*
2 85.4 % 355 mg 1.5+0.3 g (1.9 £0.3) x10°
3 91.9% 434 mg 1.8+0.2ug (2.2+0.2) x10°
Average 89+ 3% 395 +40 mg 4.3+45pug (1.5 +1.0) x10°
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